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Statement of the problem studied 

I: The formation of coherent, strained three-dimensional Ge dots on planar Si substrates by MBE using  

   Krastanov-Stanski mode. Attention was paid to the uniformity of the dot size. Structural properties were  

   analyzed. Controlled positioning of the dots was achieved.  

II: Intersubband absorption in direct and modulation doped Ge dots was studied. 

III: Normal incidence photodetectors operate at 1.3-1.55 µm with Ge quantum dots were studied.   
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Results from Grant DAAG55-98-1-0358 
Overview 

        The grant had been used to purchase equipment and to support the researches including the PhD 
dissertation researches of two graduate students, in an effort to accomplish Si-based nanostructures using a 
molecular beam epitaxy system.  Publications and presentations from this grant are listed in the following part.  
 

I: Ge quantum dots grown on Si, growth and characterization 

 

(a) Ge quantum dots growth 

 
 We have performed systematic experimental studies of quantum dot deposition on the Si selective epitaxial 

growth (SEG) mesas as well as tilted Si substrates.  It was found that it is possible to grow high quality uniform 

sized Ge quantum dots on the planar Si substrates. Fig. 1 shows the AFM image of uniform Ge quantum dots on 

planar Si (001).  It can be seen that the Ge dots have a very good and uniform size distribution. 

 

 

 

 

 

 One of the most critical issues in the application of quantum dots is the exact placement of dot arrays on 

the designated sites in addition the control of size uniformity.  Selective epitaxial growth (SEG) is an important 

growth technique due to its capability of fabricating devices on patterned samples without breaking the growth.  

During SEG process on an <110>-oriented patterns,  {113} facets are formed at the earlier stage of growth, 

leading to the shrinkage of the top surface region and finally the full reduction and formation of one-

dimensional ridges.  Therefore, we controlled the formation of the SEG mesas to achieve one-dimensional 

ridges on stripe Si patterns in attempt to form an ordered dot array.  Fig. 2 a and b present respectively two- and 

three-dimensional AFM images of the self-assembled Ge dots on the <110>-oriented Si stripe mesas, formed in 

the exposed Si stripe windows.  Perfectly aligned and regularly spaced one-dimensional array of the Ge dots 

was formed on the ridge of the Si stripe mesa.  The perfect alignment of the dots along the Si stripe mesas is 

attributed to self-regulation mechanism driven by the minimization of the total energy, and also assisted by the 

formation of the ridges. The tendency of Ge quantum dots to form on the ridge (or near the edge of a lattice step 

or the intersection of facet planes) is a result of stress-driven kinetics.  The edges are compliant, i.e., are most 

easily deformed by the dots growing on the facets. The dimensions of the Ge dots are about 80 nm wide and 20 

nm high, and the period of Ge dots is about 110 nm. Moreover, the aligned Ge dots showed mono-modal 

Fig. 1 An atomic force
micrograph of Ge quantum dots
grown on Si (100) substrae.
This example demonstrates the
very good control of the dot
size uniformity. 



morphology and size distribution on the ridges, which is very interesting as bi-(even multi-) modal distribution 

of self-assembled Ge dots is normally observed on planar Si (001) substrates.  The mono-modal distribution is 

believed to be associated with the cooperative arrangement on the 1D ridges.  The formation of the cooperative 

arrangement with mono-modal distribution provides a path to realize uniform dots as well as the control of the 

spatial arrangement.   

 

 
 

 

 

 

 

 

 

 

 

 

(b) Characterization 

Figure 3 shows two typical bright-field cross-sectional TEM images of the as-grown sample and the 

sample annealed at 900oC for 5 min.  As shown in the imgaes, the GeSi dots were still present after annealing.  

Figure 4(a) is a typical energy filtered image (EFI) of the as-grown sample showing Ge map. From the image it 

is clear that the island size increases continuously in upper layers.   Figure 4(b) is the intensity profile along the 

Fig. 2  (a) 2D and (b) 3D AFM images of self-assembled Ge dots on <110>-oriented Si stripe
mesa with a base width of 0.55 µm.  One-dimensional cooperative arrangement of Ge dots is
formed on the ridge of the Si mesa after the deposition of 10 ML Ge at a growth temperature of
600oC.  

a b                   100 nm 

Fig. 4. (a) A Ge elemental map of the as-grown sample; (b) 
the intensity profile taken from the white line passing through 
the center of the island column in (a); (c) a Ge elemental map 
of the annealed sample; (d) the intensity profile taken from 
the white line passing through the center of the island column 
in (c). 

Fig. 3 Cross section TEM image taken from 
the sample with ten layers of Ge quantum 
dots, showing the vertical alignment. (b) 
a) as-grown, b) annealed at 900oC for 5 min. 
TEM images showed that the dots were 
dislocation-free. 



white line passing through the center of the island column in Fig.4(a).  The intensity also increases continuously 

in upper layers which means continuous increase of Ge concentration in upper layer islands. Figure 4(c) is a 

typical EFI of the annealed sample showing Ge map. An interesting annealing effect is shown in Fig. 4(d), the 

intensity profile obtained along the white line passing through the island column center in Fig. 4(c). The 

intensity profile suggests the equalization of average Ge concentration among buried islands in different layers. 

 Fig. 5 presents the photoluminescence spectrum taken from a sample with 10-layer Ge dots at the 

temperature of 4.5 K, showing the contribution from Ge wetting layers and Ge quantum dots. In addition to the 

PL peaks from Si, there are two separate components, which come from the islands and the wetting layer, 

respectively.  The TO and NP PL lines originating from the first wetting layer and the upper wetting layer are 

indicated by TOWL1, NPWL1, TOWL, NPWL, respectively.  The PL band from the islands could be deconvoluted 

into two gaussian line-shaped peaks which are indicated by TOID and NPID, respectively. 

 The photoluminescence from Ge dots at about 0.8 eV was observed at room temperature as shown in Fig. 6, 

albeit peaks from Ge wetting layers and Si disappeared.  This is due to the quantum confinement effect, 

therefore, the excitons in dots quench at higher temperature at about 100 K compared with 25 K for Ge wetting 

layers.   The merit of photoluminescence from Ge dots at room temperature will perhaps impact the 

optoelectronic applications. 

 

Fig. 5. PL spectra of the 10 layer Ge/Si (001)

islands under different excitation power levels

measured at 4.5K.  The peaks at about 0.8 eV

Fig. 6 Photoluminescence spectrum taken at 
room temperature, only showing the peaks 
at about 0.8 eV  or 1.55 µm attributed to Ge 
quantum dots.  The full width at half 
maximum of the double peak is about 70 
meV 
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(c) Controlled positioning of Ge dots 

 Further studies on the control of Ge dot positioning have been conducted and the AFM results are shown in 

Figs. 7 and 8.  Four pyramidal Ge dots are located at the corners of the pre-grown Si mesas as shown in Fig. 7.  

Several different configurations of the positioning have also been observed with the variation of the Ge 

thickness deposited.  One dot on each Si mesa has been obtained at the growth temperature of 700oC shown in 

Fig. 8. Given the results of the vertical strain-induced ordering and the success of forming localized quantum 

dots by a homoepitaxial template, the possibility is that the strain distribution present in a 3-D feature such as a 

strained layer SiGe SEG be used to further control and to allow for more precise placement of quantum dot 

arrays. 

 

 

 

 

 

 

 

II: Mid-IR absorption of Ge quantum dots 

 
(a) Intersubband absorption in boron-doped Ge quantum dot superlattices 
 

                A 200 nm undoped Si buffer layer is grown first, followed by 20 periods of thin heavily boron-doped 

Ge quantum dot layers sandwiched with two 6 nm undoped Si films. In this work, the samples (JL039, JL088 

and JL038) with different Ge layer thicknesses are prepared to study the size dependence of the subband energy. 

Similar samples with single-layered Ge quantum dots grown on the surface are examined with AFM showing 

typical base dimensions of 420, 450 Å, and heights of 40, 45, for samples JL039, and JL088 respectively. 

Sample JL038 has no dots but wetting layers only. The nonuniformity of the dot size is estimated to be ±10%. 

The area density of the dots for samples JL039, and JL088 are 1×108 cm-2 and 2×108 cm-2, respectively. 

Figure 9 shows the measured absorption spectra of the samples JL039, JL088 and JL038 at the 0º 

polarization angle (i.e., electric field having a component in the growth direction as described in the following). 

For sample JL039, absorption peaks are found at near 2000 cm-1 (5 µm) and 1350 cm-1 (7.4 µm), which are 

Fig. 7 Two-dimensional AFM images of 2D arrangement
of Ge dots with 0.8 nm Ge at growth temperature of
600oC, (left) Four Ge dots are arranged on each unit of Si
mesas; (right) Magnified view of a unit cell in (a). 
 

Fig. 8 Two-dimensional AFM images of 2D
arrangement of Ge dots. (left) Growth temperature is
650oC, four Ge dots are arranged on each unit of Si
mesas; (right) Growth temperature is 700oC, only one
Ge dot is arranged on each unit of Si mesas. 



attributed to intersubband transitions in the Ge quantum dots and the Ge wetting layer, respectively. The full 

widths at half maximum (FWHM) of the absorption peak at 5 µm for the sample JL039 is about 100 meV, and 

is considerably larger than the intersubband 

peak width observed in InGaAs/GaAs quantum 

dot superlattice (∼ 13 meV). The size 

nonuniformity of quantum dots is a possible 

factor. Another reason is that the 

nonparabolicity of the hole bands can play a 

strong role in the broadening of the absorption 

peaks as was observed in the quantum well 

case. Similar to sample JL039, absorption 

peaks are found at 1650 cm-1 (6 µm) and 1350 

cm-1 (7.4µm) for sample JL088, which are 

again due to transitions in the Ge quantum dots 

and the Ge wetting layer, respectively. For 

sample JL038, however, only one absorption 

peak near 7.4µm is found, which is believed to 

be due to the absorption in the Ge wetting layer.  The almost same absorption peak position in three Ge wetting 

layers for the three samples is due to the fact that the thicknesses of wetting layers (usually 3∼ 6 Å) of the 

samples are about the same under the almost same growth conditions (for example, growth temperature). From 

Fig. 9, all of three samples have peaks near 1100 cm-1 and 1450cm-1, which are mainly due to the strong 

infrared absorption by SiO2 and water bands in the spectral range of interest.  

                The observed intersubband transitions in the Ge dots can be compared with the calculated subband 

energies. Here, we assume a Ge dot is a simple infinite-barrier box, and do not consider exciton-like effects as 

well as depolarization effects. Thus, the allowed energies in the dot can be evaluated precisely as follows: 
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where m* is Ge hole effective mass. The effective masses used for calculation are 0.30m0 and 0.044m0 for the 

heavy and light holes, respectively. LX and LY are base dimensions while LZ is the height of the dots. For 

sample JL039, the first two terms of the equation are omitted because LX and LY (42 nm) are much larger than 

LZ (4 nm). The calculated results show that there are two heavy hole bound states at 78 and 311 meV. The light 

hole bound states exist near the top of the Si barrier potential or higher due to the small effective mass and small 

dot size, and thus are not occupied. The energy separation between the first two heavy hole states is 233 meV, 

which is close to the measured peak energy of 247 meV (5 µm peak). Similar calculation has been done for 

Fig.9 FTIR absorption spectra for samples JL039, JL088 and JL038

taken at room temperature. Background spectra have been

subtracted. The top left inset is the waveguide structure used in the

experiments. The top right inset shows the possible mechanism of

the transition.

1000 1500 2000 2500 3000

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4
HH1

EV

JL039

JL038

JL088

Dot layers
1650 cm-1

45O

1100 cm-1

2000 cm-1

Ab
so

rb
an

ce
  (

a.
u.

)
Wavenumber  (cm-1)



sample JL088 and the calculated energy separation of 184 meV is also close to the measured peak energy of 

205 meV (6 µm peak). It seems easy for us to conclude that the observed absorption peaks of 5 µm and 6 µm 

are due to the transitions between the first two heavy hole bound states. Nevertheless, the absorption could also 

arise from an intraband transition between the dot ground states to the continuum states since the line shape was 

asymmetric, characteristic of a bound-to-continuum transition. This has been schematically shown in the inset 

of the Fig. 9. In addition, other effects such as valence band mixing, depolarization, and exciton-like shifts may 

also contribute the observed peak energies. 

 

(b) Intersubband absorption in modulation-doped Ge quantum dot superlattice 

 

The sample (JL104) consists of a 200-nm undoped Si buffer layer, 30 periods of Ge quantum dots 

sandwiched between two 6-nm boron-doped Si 

layers, and a 50-nm undoped Si cap layer. The 

doping density in the Si layers is as high as 5×1018 

cm-3. The size of the dots is obtained from a single-

layered sample with an identical growth condition to 

be 2-3 nm in height and 20-30 nm in base diameter.  

                Fig.10 shows the measured absorption 

spectrum with unpolarized infrared light. An 

absorption peak is found at 1880 cm-1, which is 

believed to come from the inter-sub-level transition 

of holes in the Ge quantum dots. The inset of the 

Fig.10 shows a possible transition, i.e., bound-to-

continuum transition which is responsible for the 

observed absorption. The FWHM of 62 meV is 

considerably larger than the inter-sub-level peak 

width observed in the InGaAs/GaAs quantum dot 

superlattice (∼ 13 meV). Obviously, the size nonuniformity of quantum dots may be a contributing factor. 

Additionally, the nonparabolicity of the hole bands may play a strong role in the broadening of the absorption 

peaks as was observed in the quantum well case. Background absorption mainly associated with the free 

carriers is observed as a monotonously increasing absorption towards low energy.  

 

III: Photodetectors based on Ge quantum dots 

 

Fig.10 FTIR absorption spectrum of the modulation-

doped sample JL104. No polarization of the incident

infrared light is employed. An absorption peak at 1880

cm-1 is due to the inter-sub-level absorption in the Ge

quantum dots. 
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For photoresponse characterization, p-i-n photovoltaic diodes were designed and fabricated. Ten layers 

of Ge dots separated by Si as the active region were sandwiched by p+ and n+ Si layers. The total nominal 

deposition thickness of Ge is about 20 nm. Deposition was performed at 550 oC, and the growth speed is 0.1 

nm/sec. Mesa was defined by dry etching with CF4/O2. The mesa size is 150x300 µm2. A 220 nm SiO2 isolation 

layer was deposited by PECVD at 300 oC. Al/Ti layer was deposited with Sloan e-beam evaporation to form the 

contact. Then the wafer was cut into dices and packaged to T0-5 holders to make the back contact. The top 

contact was finished by a HYBOND wirebonding equipment. A schematic drawing of the device structure is 

shown in Figure 11 (a). Shown in Fig. 11 b is the plane view image of the diode. It is clear that spectacular 

morphology is kept after the processing.  

 

I-V measurement was performed with HP41420A at room temperature. A typical plot is shown in Figure 

12. The result shows good rectifying characteristics of the current. Low dark current, 3x10-5A/cm2 at -1 V was 

Figure 11. (a) Schematic drawing of the cross section view of the device structure.  

(b) plane view of the processed sample. It shows that spectacular morphology is kept.  

Figure 12, I-V characteristics of the p-i-n diodes at

room temperature. It shows a dark current of 3x10-

5A/cm2 at -1 V. 

Figure 13. A typical photocurrent spectrum of the p-i-n diode at 

room temperature with zero bias. An external  quantum

efficiency of 1% was obtained.  
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obtained. The breakdown voltage is around 5V. 

For the photoresponse measurement, a tungsten lamp was used as the light source. The light passes 

through a 34-cm monochrometer and casts normally onto the diodes. The measurement was performed at room 

temperature. Figure 13 shows a typical response spectrum at zero bias. It shows that the diodes have strong 

response at 1.3-1.5 µm. The increase below 1.25 µm is due to the absorption of Si. The redshift of this cutoff 

edge comparing to pure Si (~1.1 µm) is due to the intermixing between Si and Ge or the strain effect. Calibrated 

by a Newport optical power meter, an external efficiency of 1% at 0 bias is observed at 1.4 µm. 
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Figure 15. Response spectra at different biases. 

Figure 14. Photocurrent of three devices
at different biases. The excitation power
is 300 nW. The maximum efficiency ever
reached is 8%. 
The photoresponse intensity increases while applying a reverse bias. This effect is shown in figure 14. 

devices were measured at the range of 0-4V. The response wavelength was selected at 1.4 µm. The 

t behavior among devices is maybe due to the gravity of the surface recombination, especially along the 

ll of the mesa. The maximum external efficiency ever reached is 8% at 2.5 V. The calculated absorption 

nominal Ge thickness of 20 nm is less than 0.5%. This indicates that a great enhancement of the 

ion was realized. The enhancement of the absorption is probably due to the scattering of the light by dots 

active layer, and this increases the chance of the photons being absorbed by the dots. The highest 

cy that reported from Si/Ge strained layer superlattice grown by MBE is 12% at 1.3 µm, by H. Presting, 

aveguide coupling mode. The detector length is 4 mm. By further improving the device fabrication to 

the dark current, it is believed that higher voltage can be applied and hence higher quantum efficiency 

reached. In figure 15, the spectra at different bias are shown. No obvious change of the shape and shift of 

orption edge was detected in the studied range. But it is possible that at higher bias, e.g., near breakdown 

, the edge at long wavelength may shift to longer, even to 1.55 µm.  
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